Due to the increasing power requirement and the limited available space in vehicles, placing the heat exchanger at the roof or the underbody of vehicles might increase the possibility to handle the cooling requirement. A new configuration of the heat exchanger has to be developed to accommodate with the position change. In this paper, a countercurrent heat exchanger is developed for position on the roof of the vehicle compartment. In order to find an appropriate configuration of fins with high thermal performance on the air side, the computational fluid dynamics approach is applied for a comparative study among louver fin, wavy fin, and pin fin by using ANSYS FLUENT software. It is found that the louver fin performs high thermal performance and low pressure drop. Thus, the louver fin is chosen to be the configuration of the countercurrent flow heat exchanger. It is also found that the countercurrent flow heat exchanger presents higher heat transfer coefficient than the cross flow heat exchanger. Furthermore, the overall size and the air pumping power of the countercurrent flow heat exchanger are lower than those in the cross flow heat exchanger. Several suggestions and recommendations are highlighted.
Introduction
Low fuel consumption, low carbon dioxide emission, and low noise emission become much more important than before in the vehicle industry. These requirements lead to a number of technical developments, e.g., new concept on primary missions control like homogeneous charge compression ignition engines, after treatment like exhaust gas recirculation valves [1] , and noise shields within the engine compartment. All these efforts increase the operating temperature in the engine compartment. In order to keep the engine working at its optimal conditions, a huge amount of heat has to be released from the engine to the ambient. In modern heavy vehicles, this heat is so huge that a conventional heat exchanger (HEX) cannot handle it easily. In addition, more and more electric powertrain is introduced to heavy vehicles. Because the operating temperature of electric equipment (battery: $55 C) is much lower than that of a combustion engine (combustion engine: $90 C) [2] , larger cooling surface area has to be used for the battery cooling than the one for the combustion engine cooling. However, there is space limitation in vehicles. It is impossible to increase the size of the radiator to dissipate the huge amount of heat from the vehicle. All these factors lead to a revolution of the radiator design in vehicles.
An idea of new HEXs suggested some time ago is to place HEXs at the underbody of vehicles [3] [4] [5] . For instance, most public buses have the engine radiator at the underbody. This is mostly due to the engine position (at the rear of the bus). Recently, the Centro Ricerche Fiat [5] used some parts of the vehicle body panels as HEXs to reduce the radiator size in light duty vehicles. Two roll bond HEXs were installed on the engine hood and below the engine, respectively. These could dissipate 60% of heat from the engine for all the test conditions. In addition, two levels of cooling systems (high temperature and low temperature systems) were introduced to a car in Ref. [6] . The condenser and the intercooler were cooled by liquid instead of air. Thus, the condenser and the intercooler could be relocated from the front of the vehicle to other more suitable places. The rearrangement of HEXs position led to 4% reduction of fuel consumption in the vehicle. Previous studies have shown that the cooling power could be increased and the fuel consumption would be reduced by rearranging the position of HEXs in vehicles [4] .
The conventional radiator of the heavy duty vehicles is placed in the front of the vehicle, as shown in Fig. 1 . A possible position for placing the radiator is the roof of driver compartment. If the radiator is placed on the roof (as shown in Fig. 1 ), the coolant flow direction and the air flow direction would be opposite. This is typical principle of a countercurrent flow HEX [7] . However, the engine radiator is normally a cross flow HEX in vehicles. Based on the HEX design theory, generally a countercurrent flow HEX has better thermal performance than does a cross flow HEX, see Ref. [7] . Thus, the option of placing a countercurrent flow HEX on the roof of the truck driver compartment might be a good idea to the engine radiator revolution.
In order to evaluate the performance of the countercurrent flow HEX on the roof of the truck driver compartment, various configurations of fins in HEX are evaluated to choose an appropriate one in this paper. Based on Ref. [8] , three configurations of fins (louver-, wavy-, and pin fin) are adopted and analyzed by the ANSYS FLUENT software on the air side of a countercurrent flow HEX. The one presenting high thermal performance and low pressure drop will be selected to compare with a conventional cross flow HEX (louver fin is on the air side and flat tube on the 1 water side), in terms of thermal performance. Several advantages and disadvantages of the countercurrent flow HEX are outlined and discussed based on a specific case study at the end of the paper.
Description of Physical Model and Assumptions
A simplified model of the countercurrent flow HEX is shown in Fig. 2 . The engine coolant flows in the negative direction of x-axis. However, the air flow direction (the positive direction of x-axis) is opposite to the direction of engine coolant, as shown in Fig. 2(a) . Three different configurations of fins (louver-, wavy-, and pin fin) are placed on the air side of HEX, as shown in Figs. 2(b)-2(d), respectively. The fluid is assumed to be incompressible with constant properties and in steady-state. The engine coolant is assumed to be water. The countercurrent flow HEX is made of aluminum. The thermal resistance between the water tubes and the fins is neglected. In order to simplify the simulation model and save computational time, only a core of the HEX is adopted, as shown in Fig. 2 . The overall size of the core is 2.31 mm Â 6.85 mm Â 70.00 mm (W Â H Â L). The parameters of the fins are presented in Table 1. 3 Mathematical Formulation and Numerical Method 3.1 Adoption of Flow Model. Based on the European law, the maximum velocity of heavy vehicles is 80 km/h. Thus, the air inlet velocity in the simulation is ranging from 50 to 70 km/h. In this case, the Reynolds number on the air side is from 2400 to 5000. Thus, low Reynolds number turbulent flow prevails on the air side. In order to capture the low Reynolds number turbulent flow, the "renormalization group" (RNG) k-e turbulence model is adopted [9, 10] . However, laminar flow is used on the water side, in order to simplify the simulation model (the inlet velocity of water is assumed to be less than 2 m/s).
Governing Equations.
The governing equations for continuity, momentum, and energy can be expressed as follows [11] :
Continuity equation
Momentum equations Energy equation
When laminar flow (the water side) prevails, d ¼ 0; when turbulent flow (the air side) prevails, d ¼ 1. The equations of turbulent kinetic energy k and the rate of energy dissipation e corresponding to the RNG k-e turbulence model are Turbulent kinetic energy k equation
Rate of energy dissipation e equation
where
The values of all of the constants are as follows (see Ref. [12] ):
3 Computational Domain and Boundary Conditions. The louver-, wavy-, and pin fins are symmetrical in the height direction. Thus, only half of the fin height is simulated. The water tube is also simulated by using half height. On the other hand, in order to eliminate the effect of the entrance, the computational domain is extended upstream by an additional length of the HEX. Meanwhile, the computational domain is also extended downstream with the length of the HEX to eliminate the effect of outlet on the flow inside the HEX. Thus, the whole length of the computational domain is three times of the length of the HEX, as shown in Fig. 3 .
Because there are air and water zones in the simulation, the boundary conditions should be specified in different zones separately. 3.4 Numerical Method. The commercial code ANSYS FLU-ENT 12.0 is used for the numerical solution. A finite volume method is adopted to convert the governing equations to algebraic equations so that they can be solved numerically [12] . The SIMPLE algorithm is used to couple pressure and velocity. A second-order upwind scheme is introduced to the space discretization of the momentum, energy, and turbulence equations in the simulations. The convergence criterion for continuity, momentum, k, and e equations is below 10
À3
. However, in order to ensure an energy balance between the water zone and the air zone under the countercurrent flow condition, the convergence criterion of energy is below 10 À8 . The mesh generation is carried out by the ICEM software. In order to check the grid independence, three sets of mesh size (coarse: 20 Â 28 Â 250; middle: 22 Â 34 Â 340; fine: 26 Â 38 Â 368) are chosen to be compared in the wavy fin (HEX region in the air zone). The predicted pressure drop and Nusselt number from these three sets of mesh are shown in Table 2 . It is found that the deviation of the pressure drop and Nusselt number between the middle case and the fine case is 2.5% and 4.6%, respectively. In order to save computational time and keep the accuracy of the simulation, the middle mesh size (22 Â 34 Â 340) is chosen for the wavy fin. The same method was also adopted to check the grid independence of the louver fin and the pin fin. 
where, Q is the total amount of heat dissipated to air (W), A 0 the fin surface area (m 2 ), 4T the logarithmic mean temperature difference, i.e., LMTD (K) and D h the hydraulic diameter (m). These are defined as follows:
The friction factor (f) is defined as
where, A c is the minimum free-flow area; u max is the maximum velocity.
Model Validation.
Prior to presenting the simulation results, it is important to validate the computational model. In order to compare the simulation results of the louver fin with the experimental results [8] , which were obtained under the cross flow condition, the water zone in the simulation is assumed to be at a constant temperature. The comparison between the simulation and the experimental results is shown in Table 3 . The deviation of the StPr 2/3 between the simulations by the RNG k-e turbulence model and the experimental data are less than 5.4%, and the deviation of the friction factor f between the simulation and the experimental results less than 4.1%. Thus, there is a good agreement between the simulation and the experiment, in terms of thermal performance and the pressure loss.
Performance Comparison Among Three Configurations of HEX.
The thermal performance and the pressure loss are two important factors in the heat exchanger design. In order to develop a high performance countercurrent flow HEX, three different configurations of fins (louver-, wavy-, and pin fin) are simulated. The thermal performance and the pressure loss are obtained by using ANSYS FLUENT.
Thermal
Performance. The heat transfer coefficients predicted for three configurations of fins are correlated with the frontal velocity, as shown in Fig. 4 . Among these three configurations of fins, the cases with louver and pin fins reach higher heat transfer coefficients than does the wavy fin. The main reason causing the different heat transfer coefficients is probably the thermal boundary layers on the different configurations of the fins. For the louver fin, the boundary layer is developed along the louver, but it is broken at the end of the fin. The boundary layer cannot become thick due to the short louver length. This relatively thin boundary layer on the louver fin is the major factor to produce the high thermal performance. In addition, because the boundary layer separates around the pin fin, a high thermal performance is achieved as well. However, the thickness of the boundary layer on the wavy fin is kept constant, because the thickness is reduced on one side and increased on the other side at the same location. Due to the constant thickness boundary layer, the thermal performance of the wavy fin is not as good as that of the louver fin and the pin fin.
On the other hand, in order to remove the effect of different size of fin, the dimensionless parameters (Nu number and Re number) are introduced to analyze the thermal performance. Figure 5 illuminates the relationship between the Nu number and the Re number. The louver fin presents higher Nu number than do Transactions of the ASME the wavy fin and the pin fin at the same Re number. Even though the heat transfer coefficient is similar between the pin fin and the louver fin, due to the in-line fin pattern and the small hydraulic diameter in the pin fin, the Nu number is much lower in the pin fin than the one in the louver fin. Based on Figs. 4 and 5, it is revealed that the louver fin presents better thermal performance than the other cases. Figure 6 illuminates the pressure drop through the three configurations of fins (louver-, wavy-, and pin fin) as a function of frontal air velocity. As expected, the pressure drops increase with increasing air velocity. The louver fin presents the lowest pressure drop among the three configurations. This result might appear because the flow through the louver fins becomes parallel to the louvers at high speed. In this case, the louver fins act like a flat plate, and the air flow path is smooth due to similarity with a "flat plate" boundary layer flow. However, the flow path might change its direction along the fins due to the structure of the wavy fin and pin fin. The smooth flow path along the louver fin might be the main reason causing the flow resistance in the louver fin to be lower than those of the wavy fin and the pin fin. The low flow resistance on the louver fin is also shown in Fig. 7 . By considering the dimensionless parameter-friction factor (f), the louver fin has lower friction factor than the one in the wavy fin or the pin fin at the same Reynolds number.
Pressure Loss.

Performance Comparison Between a Countercurrent
Flow HEX and a Cross Flow HEX. Based on the analysis of thermal performance and pressure loss among the louver-, wavy-, and pin fins, it is proved that the louver fin presents higher thermal performance and lower pressure drop than do the wavy fin and the pin fin. Thus, the louver fin is chosen as the configuration of fin on the air side for the countercurrent flow HEX. In order to evaluate the performance of the countercurrent flow HEX, a conventional aluminum louver fin cross flow HEX is adopted for comparison. Due to the fact that the same louver fin is used in the countercurrent and cross flow HEXs, the flow resistance on the air side is the same for both cases. Thus, the pressure loss is not considered here.
The thermal performance comparison between the cross flow HEX and the countercurrent flow HEX is shown in Fig. 8 . The countercurrent flow HEX has higher heat transfer coefficient than does the cross flow HEX. This result is mainly because the countercurrent flow arrangement could maximize the temperature difference between two fluids to transfer more heat than does the cross flow arrangement. When the Reynolds number varies from 2800 to 3800, the heat transfer coefficient of the countercurrent flow HEX is 21% to 9.8%, respectively, higher than the one in the cross flow HEX. This high heat transfer coefficient is beneficial to reduce the size of the countercurrent flow HEX compared to the cross flow HEX.
Furthermore, a specific case study (a typical truck with 200 kW cooling power) is carried out to analyze the performance of the countercurrent flow HEX. The operating data are shown in Table 4 .
Based on this specific case, the different results between the countercurrent flow and the cross flow HEXs are shown in Table 5 . Due to the high heat transfer coefficient performance in the countercurrent flow HEX, the total cooling surface area (air side) is reduced by 11.2% compared to the cross flow HEX. The overall size of the cross flow HEX could be designed as 1000 Â 337 Â 70 mm (W Â H Â L). Meanwhile, the overall size of the countercurrent flow HEX could be designed as 1000 Â 300 Â 70 mm (W Â H Â L). Because the cross-section area of the countercurrent flow HEX (1000 mm Â 300 mm) is 11% less than that of the cross flow HEX (1000 mm Â 337 mm), there is 11% reduction in power for pushing air through the countercurrent flow HEX.
However, due to the height of countercurrent flow HEX (300 mm), the streamline of flow field of the heavy vehicle might be destroyed, and a huge flow resistance might be presented to the vehicle. In order to reduce the flow resistance and optimize the performance of the countercurrent flow HEX, the countercurrent flow HEX (1000 Â 300 Â 70 mm) is divided into three smaller countercurrent flow HEXs (the size of each one is 1000 Â 100 Â 70 mm). These three countercurrent flow HEXs are placed on the gradient roof of vehicle as like a staircase, as shown in Fig. 9 . After the analysis of the specific cases, several advantages and disadvantages of countercurrent flow HEX could be summarized as follows:
• Advantages:
(1) The heat transfer coefficient is higher in the countercurrent flow HEX than the one in the cross flow HEX. driven by the movement of vehicles. When the vehicle climbs on a mountain, the speed of the vehicle is low. However, the engine cooling power is high at the same time. Thus, this problem should be analyzed in future work.
Conclusion and Recommendation
Due to the increasing cooling power and the space limitation in vehicles, it is impossible to increase the size of the radiator to dissipate the increasing amount of heat from the engine. Placing the radiator at the underbody of the vehicle or on the roof of the driver compartment might be a good method to handle the increasing cooling power. In this paper, a radiator is designed to be placed on the roof of the truck compartment. Due to the radiator position change, a countercurrent flow heat exchanger is accordingly proposed. The major results are as follows:
1. Compared to the wavy and the pin fins, the louver fin design presents high thermal performance and low pressure drop in the countercurrent flow HEX. 2. The heat transfer coefficient in the louver fin countercurrent flow HEX is 21%-9.8% higher than the one in the louver fin cross flow HEX when Reynolds number varies between 2800 and 3800. 3. For the specific case in this paper, the total cooling surface area of the countercurrent flow HEX could be reduced by 11.2% compared to the cross flow HEX. Moreover, the power for pushing air through the countercurrent flow HEX is 11% lower than that of the cross flow HEX.
Thus, placing a countercurrent flow HEX on the roof of the truck driver compartment is a useful method to dissipate the increasing cooling power in vehicles. However, there are still several problems facing the application of countercurrent flow HEX in vehicles. Thus, much effort (the collocation of HEX, air supply to HEX without fans, or the available place for a fan) has to be conducted for the development of countercurrent flow HEXs in vehicles. 
